adult females) wearing time-depth recorders that dove to predetermined depths (either 5 or 50 27 m). We hypothesized that MPs would be positively related to decompression stress (depth and 28 duration underwater). We also tested the effect of feeding and exercise in isolation on MPs using 29 the same blood sampling protocol. We found that feeding and exercise had no effect on blood 
Introduction

42
The purpose of this study was to improve understanding of physiological responses to diving in a 43 breath-hold diving marine mammal-with a particular focus on the pathophysiology of 44 decompression sickness (DCS). DCS is a systemic pathophysiological process that occurs 45 naturally after tissues become supersaturated with nitrogen under high atmospheric pressure. In 46 humans, DCS can also occur when nitrogen or some alternative gas is used to dilute O 2 in 47 breathing mixtures during activities such as deep-sea diving, high altitude aviation and space 48 exploration. Most studies of DCS are performed with terrestrial mammals. We therefore 49 hypothesized that a comparative physiological approach studying bona fide diving mammals 50 would add valuable insight into the physiology of decompression. Such an approach may yield 51 insights into the potential physiological traits that allow breath-hold diving animals to perform 52 prolonged apneas to great depths without apparent pressure-related problems.
54
There are data indicating that diving mammals may sustain DCS, at least when they are 55 subjected to atypical stresses (11, 16, 17) . Recent necropsy reports have suggested a link 56 between mass stranding of beaked whales and the use of naval mid-frequency sonar (10). The 57 whales experienced symptoms that were similar to those caused by inert gas bubbles in human 58 divers (4). These reports have increased the concern that anthropogenic sound, such as that 59 created by military sonar or during seismic exploration, may harm marine animals. Specifically, 60 it has been suggested that alteration in physiology or diving behavior may increase the risk of 61 DCS (3, 15) . For instance, blood bubble formation has been noted in some turtles that were 62 trapped underwater and hauled rapidly to the surface. Those that received recompression 63 treatment recovered and were released, thereby confirming a clinical diagnosis of DCS in a 64 Fahlman et al, Sea Lion Microparticles Page -4 diving vertebrate (12). Bubble formation is believed to be a crucial event in the etiology of DCS, 65 but the role bubbles play in the disease process remains unclear (22) . As more is learned about 66 DCS, it has become apparent that some of the symptoms are similar to those of other disease 67 states (18, 35, 36) .
69
There are a few well-defined risk factors that increase the probability of DCS, such as increasing 70 dive duration, dive depth, ascent/decompression rate, body mass, and breathing gas (8, 19, 20, 71 37 (32) .
76
Microparticles correlate with depth of diving in mice (32) , but correlate poorly with depth in 77 humans (31, 33) . Studies have also evaluated the effect of exercise on bubble and MP production 78 in human scuba divers. Exercise can increase the number of circulating MPs slightly, whereas 79 diving has a much greater effect and is also impacted by the gas used during the dive (31).
81
The question of potential causal relationships between bubbles, MPs, platelet-neutrophil 82 interactions, and neutrophil activation remains obscure (30). Our study aimed to examine the 83 relationship between decompression stress (depth and time underwater) and MP levels in Steller 84 sea lions in a controlled diving experiment, in the context of diving, feeding, and exercise. We 85 specifically chose this species as they generally dive to between 30-40 m (24), they inhale before 86 diving (Fahlman et al, unpublished observation) , and have been trained to safely perform 87 Fahlman et al, Sea Lion Microparticles Page -5 repeated breath-holds without experiencing symptoms of gas bubble disease during dives up to 88 50 m (6). In addition, a theoretical gas dynamic model (5) predicted that for 12 repeated dives to 89 50 m there would be a significant increase in blood and tissue N 2 levels. Thus, we hypothesized 90 that repeated breath-hold foraging dives would increase blood MP levels, and that the levels 91 would increase with diving depth and time underwater. To control for the potentially 92 confounding effect of feeding and exercise while diving, we also measured blood MP levels 93 following exercise and feeding in separate experiments.
95
It is important to recognize that while we introduce the study in the context of the potential for 96 decompression sickness, the diving experiments described here represent decompression stress 97 as opposed to overt decompression sickness. Increase and decrease in pressure is a 98 biomechanical stressor, in that whenever a diving mammal ascends, the gas in the lung expands, 99 gas solubility decreases, and the animal has to manage changes consequent to that stressor. Thus 100 our use of 'decompression stress' is considered and accurate. Diving mammals usually dive 101 without clinical impact, but they nonetheless manage decompression stress during every dive.
102
The question of interest to us was how do they do it? Addressing this question furthers (Table 1) .
111
Animals were weighed the day before a dive experiment, and had not been diving for at least 4 112 days prior to the first dive experiment. Each experiment was then separated by at least 2 days.
114
Dive experiments
115
The general experimental arrangement was as described previously (6, 9), with sea lions trained 116 to dive on command from within a respiratory dome to a specific depth. The depth was defined 117 by the length of a feeding tube delivering food to the end of the tube to reinforce the behavior. Blood samples were again taken 3 and 24 hours after the sea lion had surfaced after the last dive.
128
Collecting blood samples immediately following the dive was deemed unsafe for both animals 129 and personnel. A 3 hr delay was therefore deemed acceptable before collecting the first blood 130 sample. The 24 hr post-dive sample was based on data in terrestrial mammals and allowed us to 131 trace the time-course for changes in blood MP levels (32) . Food was offered during the dive and ) before and during a dive was used as an index of 143 the metabolic rate. The metabolic rate before and after the dive bout was assessed by measuring 144 the gas concentrations in the metabolic dome (6). We separated metabolic rate into surface 145 metabolic rate before diving (pre-dive), at which time the sea lion had received minimal amount 146 of food and was post-prandial. As both the dive and surface interval durations were determined 147 by the sea lion, and as reliable estimates for the metabolic rate of individual dives within a dive 148 bout cannot be made (6, 7, 9), we computed the diving metabolic rate for the entire diving bout. ). There were no differences in metabolic rate for dives to 5 m as compared with 50 m (t 10 = 189 0.47, P > 0.6, Table 1 ). The average dive duration and inter-dive surface interval for dives to 5 m
190
(dive duration: 50 ± 11 sec; surface interval: 11 ± 3 sec) were significantly lower than dives to 50 191 m (dive duration: 105 ± 21 sec, t 10 = 4.49, P < 0.01; surface interval: 35 ± 7 sec, t 10 = 6.86, P < 192 0.01, Table 1 ).
194
The average dive dose (m  sec) was significantly lower for the 5 m (T1, 7868 ± 264 m  sec) as There was a significant increase in MP levels following a dive (AIC null = 485.7, AIC time = 446.0, 208 P < 0.01). Blood MP levels had increased by 170% 3 hours following a dive bout and by 536% 209 after 24 hours (Fig. 1 ). There was a trend for an increase with dive depth (AIC time = 478, P < 210 0.1), but this was mainly because of the much higher MP levels at 3 hours following the first 50 211 m dive experiment (Fig.1) . Feeding without diving increased the blood MP levels by 24% 3 212 hours after feeding (AIC null = 126.0, AIC fed = 110.4, P < 0.01), and the levels were back to 213 control levels after 24 hours.
215
The effect of exercise on MP levels were tested twice and both times the pre-exercise MP levels
216
(control) were much more variable and higher than any blood samples collected either before or ). The reason for this is unclear and warrants further investigation.
219
While there was a significant change in relative MP levels (AIC null = 357.3, AIC time = 339.8), this 220 change occurred between the 3-hr and 24-hr post-exercise blood samples (81% increase, P < 221 0.05) and neither the MP levels at 3 hr or 24 hr were different from the pre-exercise levels (P >
222
Fahlman et al, Sea Lion Microparticles Page -11 0.1, Fig. 1 alone, but dive duration and ascent rate also alters the risk (37), and it has been shown that only a 262 5% change in the inert gas burden can result in a 50% change in the probability of DCS (8).
264
We used the integrated depth as a simple estimate of decompression stress (dive dose). Mild oxidative stress and hypoxia increase MP levels, and it is also possible that higher activity 274 levels during shallow dives elevate blood MP levels (1, 34). During breath-hold diving, there is a 275 rapid and short period of hyperoxia when the lungs compress and the pulmonary gas pressure 276 increases and gas diffusion continues. Blood and tissue PO 2 continuously decrease throughout 277 most of the dive, with levels < 10 mmHg commonly reported in diving California sea lions (23).
278
Thus, while dive duration and end-dive PO 2 correlate, there was considerable variability between 279 dives and individuals (23). As sea lions are generally quite active while diving, this variability 280 could reflect variation in underwater activity.
282
The dive pattern for the Steller sea lions in our study was similar to those previously reported for 283 the same animals (7, 9, 13, 14, 27, 28) , where deeper dives were longer and associated with 284 longer surface durations to replenish the O 2 stores. While there were no significant differences in 285 the metabolic rate over an entire dive bout (Table 1) , the diving metabolic rate correlated with 286 underwater activity, and the activity was generally greater for shallower dives (7, 9). Thus,
287
shallow dives are shorter, but of higher intensity-while the deep long dives are prolonged There is anecdotal evidence suggesting that repeated hyperbaric exposures help to reduce DCS 292 incidence, and a controlled study showed that rats acclimated over as little as 4 days showed 293 reduced DCS incidence compared with control animals (25). In our study, the sea lions had not 294 been diving actively for at least 4 days before the first dive experiment. The active diving to 5 m 295 (T1 , Table 1 ) appeared to increase blood MP levels for at least 24 hrs, which then returned to 296 pre-dive levels prior to the 2 nd experiment (Fig. 1) . The blood MP levels again increased during 297 the first dive experiment to 50 m, at levels that exceeded the 5 m dives (Fig. 1) a similar speed that we estimated the sea lions were swimming underwater while foraging.
311
Neither of these variables seemed to significantly change the MP levels above the control levels 312 (Fig. 1) .
314
In summary, blood MP levels seem to be a useful biomarker to identify decompression stress. T2  T3  T1  T2  T3  T1  T2  T3  T1  T2  T3   F97H   A 
